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Abstract

A muoncooling channeldesignfor a neutrinofactory, basedon low frequency 44/88MHz r.f.
technology, hasbeenrecentlydevelopedat CERN[1]. Thisschemeis aninterestingalternative to
the optionsdevelopedin the US, basedon 201 MHz r.f. systems[2], aswell asa candidatefor
theInternationalMuon CoolingExeriment.We designedandsimulateda pseudo-realisticversion
of the threesectionsof the CERN cooling channel. We verified that the GEANT4 andPATH
simulationsof thehard-edgeversionof the44MHz sectiongiveconsistentresults.Westudiedthe
performanceof thepseudo-realistic44MHz sectionandsuggestedmodifications/improvementsto
thecurrentdesign.

1 INTRODUCTION

A muoncooling channeldesignfor a neutrinofactory, basedon low frequency 44/88MHz r.f.
technology, hasbeenrecentlydevelopedat CERN[1]. Thisschemeis aninterestingalternative to
theoptionsdevelopedin theUS,basedon201MHz r.f. systems[2]. Themaindifferencebetween
thelow frequency andthehigh frequency designsis thattheformerschememakesuseof thepion
beammicro-structureto avoid re-bunchingbeforecooling. In thelatterdesign,on theotherhand,
the cooling channelis preceededby a bunchingsection. The larger bucket associatedwith the
lower frequency designhelpsto reducelongitudinallossesin thecoolingsection,althoughat the
expenseof asubstantiallongitudinalemittancegrowth.

A descritionaswell asasimulationof thelow frequency systemis availablein Ref.[1].Thesim-
ulation is basedon thePATH program[3], usedin fastmode,within theparaxialapproximation.
Hardedgemagneticfields,andinfinitely thin cavities areimplemented.

In this note,we usedthe GEANT4 [4] tool kit to performa pseudo-realisticsimulationof the
44/88MHz coolingchannel.GEANT4 is a trackingcodewhichperformsa full integrationof the
equationof motion.

Theobjectiveof ourstudywasto investigatethetransitionfrom asimpleto arealisticsimulation
of the 44/88MHz channel,usingrealisticfields associatedwith r.f. cavities andsolenoids.The
simulationis “pseudo”-realisticin thesensethatcavity or absorberwindowsandengineeringcon-
straintsarenot fully studiedandincorporated.Thesimulationcodewasimplementedfor thethree
sectionsof thechannel(first cooling,acceleration,secondcooling). It is flexible to allow changes
in thelattice,r.f., absorber, andbeamparameters,whenever thedesignis stableandreadyfor op-
timization. Modificationswill be neededasthe cooling channelis integratedto a moredetailed



designof thefront-endandsucceedingacceleratorsections.
Thereis anon-goingeffort[5] to replacethe44 MHz r.f. systemin thefirst coolingsectionand

make it 88 MHz all throughthe channel. We thereforedid not attemptto optimize the current
latticeor beamparametersat this stage.

2 GENERAL DESCRIPTION OF THE NEUTRINO SOURCE DESIGN

A pionbeamis generatedfrom a2.2GeVprotonbeaminteractingwith amercurytargetinmersed
in a 20 T solenoid. The pionsdecayin a 30 m long channelinsidea 1.8 Teslasolenoid. At the
endof this decaychannel,the particleswith kinetic energy in the range100-300MeV entera
phaserotationsection,which uses44 MHz cavities to reducetheenergy spreadby abouta factor
of two. Thefirst coolingstageusesthesamelatticeandr.f. systemasthephaserotationsection
but includesliquid hydrogenabsorbersto reducethetransverseemittanceby a factorof about0.7
in eachplane.The lattice is furtherextended,without absorbersin anaccelerationsectionwhich
increasesthe beamaverageenergy from 200 MeV to about280 MeV. At this point, the beam
sizeis small enoughto allow a secondcoolingsection,basedon 88 MHz cavities, to reducethe
transverseemittanceby approximatelya factor of four in eachplane. After cooling, the beam
energy is rampedup to 2 GeV, suitablefor injection in a � RLA, using two acceleratorsections
with cavities operatedat 88 MHz and176MHz, respectively.

Thegeneraldesignaswell asthespecificvaluesof theparametersof thechannelsdescribedin
thefollowing sectionsfollowed,whenavailable,theinformationin Ref. [1, 5].

3 THE COOLING CHANNEL

Thefirst stepin our studywasto comparePATH simulationresults[1] with thoseobtainedusing
GEANT4. We thereforewrotesimulationcodefor the44 MHz coolingsectionfollowing exactly
theCERNhard-edgedesign.

A realisticversionof the hard-edgecooling channelwasnot available. The secondstep,and
primarygoalof this study, wasto designa realisticchannelwhich followedascloselyaspossible
thehard-edgedesign.Realisticr.f. andsolenoidalfieldswereextractedfrom Ref. [6, 7].

3.1 Hard-Edge Version of the 44 MHz Section

A representationof a unit cell of thehard-edge44 MHz sectionis shown in Fig. 1. It is composed
of two sub-cells,2 m long each,with ideal solenoisproducinga square��� field of 2 T constant
in the radial direction. This periodicsquarefield alternatesbetween��� T and 	�� T, andtakes
zerovalueat5 mmbeforeandafterevery transition,where��
 is non-zero.Theradialfield is zero
exceptin this regionof transitionwhere,following from theintegrationof Maxwell equations:�
 �� 
 � 
 ��
�����	 � ������
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���	 � 
�� ����� ��� ��� � � � �! 
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=1 cm. Theazimuthalandradialcomponentsof themagneticfield
areshown in Figs.2 and 3. They areinput to GEANT4 in theform of field maps.



Thehard-edgechannelis a resonancefreesystem.This follows from theequationof betatron
oscillations.In theLarmorframe,undertheparaxialapproximation,it becomes:')(+*' � ( � ,.- ��� � � ��0/�132 ( * �54 (1)

where
*

is any transversecoordinate,and / theparticlemomentum.The longitudinalfield on
axis ��� � � �6�7�98 and,therefore,the : -functionis a constant.Our implementationof a hard-edge
channel,however, is not a completelyresonancefreesystemdueto thecontribution of thesmall
zerofield rangesin thefield flip regions.

At 50cmfrom thebeginningof thecell, andthenevery1 m, r.f. accelerationis achievedthrough
a 2 MeV kick over a 1 cm region. A liquid Hydrogen(LH2) absorber, 27.7cm long and30 cm
in radius,is locatedat theendof thecell. The r.f. system(verticalbars),andtheabsorber(grey
block)areshown in Fig. 1. Thelengthof theunit cell is 4.32m, andthetotal lengthof the44MHz
section,for 11 cells,47.52m
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Figure1: Representationof a unit cell of the hard-edgeversionof the 44 MHz cooling section.
Thedarkgrey blocksrepresentthesolenoids,thevertical linesshow thelocationof ther.f. kicks,
andthelight grey rectangletheLH2 absorber.

The r.f. is run on crest,to usethe cavities at full power [5]. The synchronousphaseof the
cavities wasthereforeset to 908 . The r.f. systemwastunedfor a channelwith nominalkinetic
energy of 200MeV, throughthewholelengthof thechannel.A nominalparticlewith thatenergy,
at
* �<;=�>4 andwith zerotransversemomentum,receives8 MeV from ther.f. systemandlosses

8 MeV at theabsorber. Fig. 4 shows thekineticenergy of thenominalparticleasa functionof the
channellength

�
. In eachcell, thefour sectionsof almostinstantaneousaccelerationarefollowed

by four associateddrift regions. At theendof eachcell, the particlelosesthe previously gained
energy.
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section.

3.2 Pseudo-realistic Design

We designeda pseudo-realisticcoolingchannelwhich follows thehard-edgelatticeascloselyas
possibleandis consistentwith thecavity designin Ref. [6]. Thechannelconsistsof threeparts.
Thefirst andsecondsectionsare11and7 unit cellslong,usethesamelatticewith 44MHz cavities.
Thethird sectionis 10 cells long,hasthesamelatticestructurebut differentdimensions,anduses
88MHz cavities. Coolingis performedataconstantnominalenergy in thefirst andthird sections.
The secondsection,which doesnot containabsorbers,acceleratesthe beamin betweenthe two
coolingsections.

Geometry A schemeof the44 MHz (88 MHz) cavities assembledwith solenoidsis shown in
Figs.5- 6. Thecavities are1.4 m (0.9 m) long and0.3 m (0.15m) in radius. They surroundthe
solenoids,88 cm(40 cm) longand20cm thick.
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Figure5: Schemeof theassemblyof 44MHz cavities with solenoids.
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Figure6: Schemeof theassemblyof 88MHz cavities with solenoids.

A unit cell is composedof four solenoidsembeddedin r.f. cavities asdescribedin theprevious
paragraph,followedby a LH2 absorber37 cm (51 cm) long in thecaseof the44 MHz (88 MHz)
section.Figure7 shows a schemeof a 44 MHz (88 MHz) coolingcell, which is 6.04m (4.24m)
long. Thedrawing shows the limits of the r.f. field mapsusedin thesimulation,which doesnot
extendbeyondtheinnerradiusof thesolenoids.Thelengthandradiusof thecavities imposelarge
gapsbetweenmagnets,52 cm (40 cm) long. Note that the lattice hasdoubleperiodicity dueto
theextra spaceneededto fit theabsorber, shown asa light grey rectangleimmediatelybeforethe
endof theunit cell. Theabsorbersarelongerthanthosein thehard-edgedesignto accountfor the
highergradientassociatedwith the realisticcavities. Otherequallyvalid choicesconsistentwith
thehard-edgedesignarea shorterabsorberwith only threer.f. cavities,or a shorterabsorberwith
four cavities ranat a lowergradient.

88 cm52 cm

37

cm

Unit cell: 6.04m  (4.24 m)

r.f. map

Solenoid Inner  
Radius = 30 (15) cm

(51)

(50 cm 40 cm)
40 (60) cm

r.f. map r.f. map r.f. map r.f. map

Figure7: Schemeof 44 MHz (88 MHz) coolingcell. Thedashedlinesshow thelimits of theunit
cell. Thedarkgrey blocksrepresentthesolenoidsandthelight grey rectangletheLH2 absorber.

Figure8showsavisualizationof thegeometryimplementedin GEANT4. A view of thechannel
is shown on theleft, andthedetailof a unit cell on theright. Theblueringsarethesolenoidcoils,
andthe red cylindersa representationof the r.f. field maps.The absorbersarethesmallershort
cylindersin grey.

Magnets Themagneticfieldsarenot readout from field mapsbut generatedanalyticallyfrom
electriccurrentsthroughthesolenoids.Thecurrentthroughthesolenoidsin the44MHz sectionis
12 A/mm

(
, thevaluewhich maximizestransmission.Thetwo componentsof thesolenoidalfield,



Figure8: Left: visualizationof thechannelgeometryasimplementedin GEANT4. Right: detail
of aunit cell. Theblueringsarethesolenoidcoils,andtheredcylindersarepresentationof ther.f.
field maps.Theabsorbersarethesmallershortcylindersin grey.

��� and ��
 , arequitedifferentin thepseudo-realisticandthehard-edgecells. Fig. 3.2 shows ���
on axis asa function of

�
in a unit cell, delimitedby the vertical lines. The absorberis located

immediatelybeforethe dashedline on the right. The field is closerto a sine than to a square
function,unlike thehard-edgecasewhich is a perfectsquare.Note thedoubleperiodicityof the
lattice,which manifestsasa modulation(shoulder)every two periodsof thedominantfrequency.
The absorberis not locatedin a zerofield region asin thehard-edgeversion. Fig. 9 shows ?@��
E?
asa function of

�
at 
 =10.3cm. Again, it looks quite different from the ideal hard-edgecase.

The radial field is not delta-like but extendsover all space. The peaksare double,due to the
gapsbetweensolenoids,andtheir amplitudechangesin theabsorberregion dueto theextra gap.
Figures10showsthemagneticfieldsfor an88MHz coolingcell. Thecurrentswerenotoptimized
for maximumtransmission.Notethatthemodulationto thefield is largerthanin the44MHz cell.
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In thecaseof asinusoidallongitudinalfield onaxis,somewhatcloseto thecasewearestudying,
Eq.1 reducesto: 'Q(R*' � ( � * ,S- �98�0/�1 2 (�TRUWVYX �Z �>4 (2)

where � Z is theperiodlength[8]. The � X and
X

resonancesarelocatedat:�0/[1- �98 Z �]\^4`_a4�b` �4c_ � �edSf Vhg \i4c_ �ej  �4`_k��lEdQ cmRn T+o nqpqr UWs nqtWuv_ (3)

Acceleration Realisticfield mapsassociatedwith thecavities in Figs.5- 6 wereprovidedby
CERN [7] and incorporatedin the GEANT4 simulation. Cavity specificationsareavailable in
Ref.[6]. If ranoncrest,each44MHz (88MHz) cavity wouldprovideagradientof approximately
2 MeV/m (4 MeV/m). More precisely:wxw ��y � � 
 �>4Q� ' � '�z �5�c_kl j|{ nq} UWV � _a%�~ � %�% {���� �wxw ��y � � 
 �>4Q� ' � '�z �<�`_ j � { nq} UWV 4`_kb6~ � l�l {���� �

Thetransittime factorreducestheeffective gradientto A � _abQ� MeV (3.95MeV), respectively.
Thefour cavities in eachcell restorethe A � 4`_ab MeV (14.2MeV) lost by a nominalparticlewithy��R�k�

=200MeV. Ther.f. systemwasrun on crest,at a synchronousphaseof 908 [5]. Thephases
were set at the

y � (
�

componentof the electric field) weighted
�

(longitudinal position) mean
alongthe cavity: 27.3cm (16.3cm). The r.f. tuning is shown in Fig 11. A particle,with initialy��R�k� � 200 MeV and

* ��;���/h����/h���34 , is run throughthe channelto adjustthe cavity
phasesso that the particle follows a pre-definedchannelnominalenergy. That nominalkinetic
energy is 200 MeV in the first cooling section(44 MHz cavities), and275 MeV in the second
cooling section(88 MHz cavities). The energy is ramped-upfrom 200 MeV to 275MeV in the
intermediate(accelerationwith no absorbers)section.
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3.3 The Beam

The5100particlesinput beamusedin thesestudieswasprovidedby CERN[5]. It is theoutput
beamof the hard-edgesimulationof the phaserotationsectionin Ref. [1], with a ? 1��5	�1����E?Y�lQ� cm cut in thebunchlength.Theactualbeamis not asuniform in energy-cT spaceasshown in
Fig. 13. The ? 1���	�1��!�E?h�5lQ� cut removesthetails (seeFig.3 in Ref. [1]) from fastparticleswith
energy greaterthanaverageandslow particleswith energy lower thanaverage.In our study, we
derive transmissionnumbersrelative to theinitial beamratherthantheabsolutenumberof muons
perproton.

The beamis injectedat the origin (
� ��4 ) of the 44 MHz sectionin both the hard-edgeand

pseudo-realisticsimulationsdescribedin this note.Table1 lists theinitial beamparameters.

Table1: Parametersof thebeaminjectedat theorigin of thecoolingchannel.Theaveragekinetic
energy is 200MeV, � *�� ���x; � ����/h� � ����/h� � �>4 .� � �Q��� � � �Q��� �N� 1 �[ ¢¡ � y £ �

(cm) (MeV/c) (cm) (cm) (MeV) (cm)
10.9 29.4 3.03 48.1 13.9 2.51

Figures12-13show the initial beamdistributions. Thenon-zeroangularmomentummanifests
asa /h�"	 * correlation,which shouldprovide the matchingto the hard-edgedesignof the first
coolingsection.
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4 PERFORMANCE

4.1 Hard-Edge Results

Only the 44 MHz sectionis studiedbecausethe goal wasto compareour GEANT4 implemen-
tation with the PATH simulationin Ref. [1] Fig. 14 is basedon a 5100particlessimulationand
illustratestheperformanceof the44 MHz sectionof thechannel.Transverseemittanceis defined
(seeRef. [9]) as: £ ¡ �¶µ g n0r�?^·¸?� �º¹ 1 ( � (  

with · thesecondmomentsmatrix in transversephasespace.Thetransverseemittancein each
planeis definedas

£ �»�¶¼ £ ¡ . Correlationsareincludedin the calculations.While �Q�0� remains
basicallyconstantalongthechannel,� � diminishesfrom 10.9cmto 8.7cm. Transverseemittance
decreasesfrom 25.1 mm to 17 mm, yielding a 0.68 cooling factor in eachtransversedirection.
Reference[1] reportsa similar valuefor anequivalentsystem.Transmissionis 86.3½ , againstthe



97½ reportedin Ref. [1]. We observe initial losseswhich areprobablydueto beammis-match,
and the fact that the solenoidinner radius(30 cm) is lessthan 3 times � � of the initial beam
( A¾���¿1 � ). Transmissionstabilizesto a fairly constantvaluebut dropsat the endof the section
dueto longitudinallosses.
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Figure15: Evolution of longitudinalphasespacealongthehardedge44 MHz section.Eachplot
is asnapshotof thebeamat theendof eachcoolingcell.
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Figure16: Evolution of theangularmomentumalongthehardedge44 MHz section.Eachplot is
asnapshotof thebeamat theendof eachcoolingcell.
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Figure17: Evolution of the transversephysicalsizeof the beamalong the hardedge44 MHz
section.Eachplot is a snapshotof thebeamat theendof eachcoolingcell.
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Figure18: Evolutionof thetransversephasespacealongthehardedge44MHz section.Eachplot
is asnapshotof thebeamat theendof eachcoolingcell.

Fig.15showstherapidincreaseof longitudinalemittancealongthechannel.Thelossestowards
theendarerelatedto runningthe the r.f. cavities on crest(longitudinalde-focusing).About 3½
of themuonsdecayalongthechannel;if we ignoredthis effectaswell astheacceptancelossesat
thebeginningof thechannel,transmissionwould increaseto A¾b�Ë�½ . In Ref. [1], they probably
did not run everycavity of ther.f. systemat 908 . Fig. 16 alsoshows theangularmomentumat the
beginningof thechannelandat theendof eachof the11 coolingcells.

Transversecoolingcanbefollowedalongthehardedge44 MHz sectionin Figs17, 18, which
showstheevolutionof thebeamsizeandtransversemomentumspread.A reductionin thephysical
sizeof thebeamis apparent.

4.2 Pseudo-Realistic Results

Thefull coolingchannel(thethreesections)wasimplementedin GEANT4: geometry, solenoidal
fields, acceleration,including r.f. tuning. The beam,however, was only followed throughthe
first sectionwith the objective of studyingthe transitionfrom a hard-edgeto a realisticdesign.
A detailedsimulationof the whole systemawaits upcomingnew developmentsin the channel
design.Fig. 19 is basedon a 5100particlessimulationwhich includesmuondecay. It illustrates
theperformanceof the44MHz section.As in thehard-edgeversion,�Q��� remainsbasicallyconstant
alongthe channel,� � diminishesfrom 10.9cm to 7.6 cm. Transverseemittancedecreasesfrom
25.1mm to 13.3mm, yielding a 0.53cooling factor in eachtransversedirection. This factor is
significantlylower thanin thehard-edgeversion,dueto thelargerlosses.Thelower transmission,
55½ , comesfrom largerlossesin thebeginningandtowardstheendof thesection.
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Figure20: Evolutionof longitudinalphasespacealongthepseudo-realistic44MHz section.Each
plot is asnapshotof thebeamat theendof eachcoolingcell.



Fig. 20 illustrateson the large lossesin the last few cells. The longitudinalemittancegrows
fasterwhenusingthe realisticr.f. system.The initial lossesarelarge, mostly dueto beammis-
match.Theinput beamis theoutputof a hard-edgedesignof thephaserotationsystem.Therole
of beamcorrelationsandbetatronresonancesin thisbehavior will bediscussedin thenext section.
Fig. 16showstheangularmomentumat thebeginningof thechannelandat theendof eachof the
11coolingcells.Thecoolingeffectasa functionof channellengthcanbeobservedin Figs22,23.
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Figure21: Evolution of theangularmomentumalongthepseudo-realistic44 MHz section.Each
plot is asnapshotof thebeamat theendof eachcoolingcell.
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Figure22: Evolutionof thetransversephysicalsizeof thebeamalongthepseudo-realistic44MHz
section.Eachplot is a snapshotof thebeamat theendof eachcoolingcell.
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Figure23: Evolution of the transversephasespacealong the pseudo-realistic44 MHz section.
Eachplot is asnapshotof thebeamat theendof eachcoolingcell.

5 DESIGN STUDIES

In the previous section,we testedthe simplistic assumptionthat performancewould not be de-
gradedaswe wentfrom asimplesimulationto a morerealisticone.We will now discusshow the



differentchannelandbeamparametersdeterminethechannelbehavior.

5.1 Initial Correlations

A simplevisualinspectionof Figs.3 and 9 tellsusthatabeammatchedto thehard-edge44MHz
sectionwill notbematchedto therealisticversionproposedin thisnote.Thisaccountsfor mostof
theadditionalinitial lossesobservedin Fig. 19comparedto Fig. 14. Wemodifiedtheinitial /h�Ö	 *
correlationsfollowing asimplerecipevalid for a longsolenoid:/`�9×Ø/h��	ÚÙ ��;»���98��Û1� f Vhg /`��×�/`�|�ÜÙ � * �Û�986�Û1�  

where,in our case,we took �98 as the maximumamplitudeof the oscillating ��� on axis. Ùis a free parameterto tunethe correlationsto obtainmaximumtransmission.The value Ù =1.4,
correspondingto the beamshown in Fig. 24, gives the largestincrementin transmission,from
55½ to 69½ . Fig. 24 alsoshows thereis basicallyno changein thefinal transverseemittanceof
thebeam.

X (cm)
Ý-30 -20 -10 0

Þ
10
ß

20
à

30
á

40
â

 (
M

eV
)

yã

p

-80

-60

-40

-20

0
Þ20

40

60
ä80
å

Z (m)
æ0

Þ
10
ß

20
à

30
á

40
â

50
ç

60
ä

70
èE

m
m

it
an

ce
 (

m
m

),
 s

ig
m

a 
(m

m
 o

r 
cm

 o
r 

M
eV

)

0
Þ20
à40
â60
ä80
å100

120

140

T
ra

n
sm

is
si

o
n

0
Þ0.2
Þ0.4
Þ0.6
Þ0.8
Þ1
1.2
ß

T emittance (mm)
é
sigmaX (mm)ê
sigmaPX (MeV)ê
Transmission

Figure24: Left: initial /h��	 * distribution for the modified initial beam. Right: improved per-
formanceof the44 MHz pseudo-realisticsectionusingthemodifiedbeam.Transverseemittance
standsfor

£ � .
It shouldbepossibleto improve transmissionfurtherby injectinga beamwith theright corre-

lations,for exampleby runninganarbitrarybeamthroughanidenticallatticebut without acceler-
ationor absorbers.Therealquestionis whethersucha beamcouldbeproducedandtransmitted
at thefront-end(target,decay, phaserotation).If not, thelosseswould occursooneror laterwhen
thebeamenteredtherealistic44MHz lattice.Theanswerwill comefrom adetailedsimulationof
thephysicsat thetarget,andappropriatematchingsectionsto therealisticlattice.

5.2 Betatron Resonances

Equation3 and Fig.1 in Ref. [8] allow us to computethe rangesof kinetic energy wherethe
resonancesof a periodicalternatesolenoidsystemarelocated.While the � X resonanceis located
at
y6�R��� � \^b` � �ed MeV, the

X
resonanceis locatedat

y6�R��� � \i��b` �Ë j d MeV. The systemshould
be operated,though,above

y6�R��� A 90 GeV, far enoughfrom the resonanceboundarywherethe



: -function is stronglymodulated.Sincetheaveragekinetic energy of thebeamis 200MeV with�[ë`ìîíiï =13.9,theaverageparticleis morethan7� away from thenon-stableregion,andresonances
shouldnotbeanissue.

On theotherhand,themagneticfield of the latticewe areusingis morecomplex thana sinu-
soidal ��� on axis (seeFig. 3.2,Fig. 10). In orderto studytheresonancesof our system,we used
a Gaussianbeamwith parameterssimilar to thoseof the realisticbeam(seeTable2). To avoid
cooling or accelerationeffects,we removed the r.f. systemandthe absorbers,keepingonly the
solenoidsfollowing theoriginal pseudo-realisticgeometry.

Table2: Parametersof theGaussianbeamusedto studyresonances.Theaveragekineticenergy is
200MeV, � *�� ���ð; � ����/h� � ����/h� � �<4 .� � �Q�0� �[ ¢¡ � y

(cm) (MeV/c) (cm) (MeV)
11 28 0 0

Wethentookaseriesof 200particlesruns,modifyingthebeamenergy in stepsof 3 MeV around
thenominal

y6�R���
=200MeV. Figure25 shows the transmissionof thepseudo-realisticlatticeasa

function of the kinetic energy of the beam. A
y6�R���

of 200 MeV is closeto the optimalnominal
energy for thechannel.A resonance,however, seemsto becloserto theoperationenergy thanin the
caseof theidealperiodicalternatesolenoidwith sinusoidal�98 field. One �[ë below

y6�R���
=200MeV,

transmissiondropsby 7½ ; 2�[ë below nominalgivesa 17½ decrease,and3�[ë below givesa45½
drop.

0.25

0.5

0.75

1

150 200 250
Kinetic Energy (MeV)

T
ra

n
sm

is
si

o
n

▼
ñ

 End of the second cell

❍
ò

 End of the 44 MHz section

Figure25: Transmissionasa function of nominalbeamenergy for a Gaussianbeamwith fixed
longitudinalparameters.



Using the information in Fig. 25, we divided the beaminto two setsof particles: thosewithy��R�k� �
200MeV andthosewith

y6�R��� � 200MeV. We verifiedthat the transmissionof the “posi-
tive” beamwashigherthanthatof the“negative” beamby4½ . Thisconfirmsthatalthoughbetatron
resonancesmakeasmallcontributionto particlelossesin thepseudo-realistic44MHz section,the
effect is notnegligible.

5.3 Geometry, Solenoids, and Cavities

It is possibleto modify the lattice to make themagneticfieldsmorewell behaved. For example,
Fig. 26shows ��� onaxisand ? ��
E? at 
 =10.3cmfor a latticewheretheextraspacefor theabsorber
hasbeenremoved.Now thesystemhasoneperiodicity, themodulationto ��� hasdisappeared,and
theamplitudeof the ? ��
�? peaksdoesnot oscillate. In Fig. 27, the52 cm gapsbetweensolenoids
have beenreducedto 20 cm, in additionto removing theabsorberspace.Thenew systemis very
closeto anidealalternatesolenoidchannel,with ��� onaxiswell describedby asinefunction,and
thedoublepeakshavedisappearedfrom ?@��
�? .
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Figure26: Left: ?@��
E? versus
�

at 
 =10.3cm for a modified44 MHz latticefor which theabsorber
spacehasbeenremoved.Right: ?@��
�? versus

�
on axisfor themodifiedlattice.
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Figure27: Left: ?@��
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�

at 
 =10.3cm for a modified44 MHz latticefor which theabsorber
spacehasbeenremoved.Right: ?@��
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on axisfor themodifiedlattice.

Oneway of reducingthe 44 MHz lattice to the ideal sinecaseis to eliminateoneof the four
r.f. cavities and make the absorbershorter. That way we would have 1.4 m of free spaceto



placethe absorberinside the magnet. Thereis the questionon whetherit is possibleto reduce
therelativespacebetweenmagnetsby re-designingthecavities or extendingthelatticeto include
longersolenoids.

Anotherimportantissueis thepolarity of themagnets.It is not necessaryto invert thepolarity
at every magnet. Too many flip regionswould addunnecessaryengineeringcomplexities. The
polarity couldbechangedat everycell, but keptthesameinsideit.

A synchronousphaseof 908 doesnotseemto betheoptimumparameterto run thecavities. The
r.f. systemdoesnot focus longitudinally that way, andthereforecontributesto the longitudinal
emittancegrowth andlosses.

6 SUMMARY

In summary, we designedandcodeda GEANT4 simulationof a pseudo-realisticversionof the
threesectionsof the44/88MHz coolingchannel(CERNscheme).WeverifiedthattheGEANT4
andPATH simulationsof the hard-edgeversionof the 44 MHz sectiongave consistentresults:
transmission

�
85½ anda transversecooling factorof A 0.7 in eachplane. We alsostudiedthe

performanceof the44MHz, andsuggestedmodifications/improvementsto thecurrentdesign.
Thecodeis flexible andallowschangesin thelattice,r.f., absorber, andbeamparameters,when-

ever thedesignis stableandreadyfor optimization.Modificationswill beneededasthecooling
channelis integratedto a moredetaileddesignof the front-endandsucceedingacceleratorsec-
tions. Thereis anon-goingeffort[5] to replacethe44 MHz r.f. systemin thefirst coolingsection
andmake it 88 MHz all throughthe channel[5]. We thereforedid not attemptto optimize the
currentlatticeor beamparametersat this stage.
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